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Abstract 

Background: Suppression of body weight and symptom of anorexia are major symptoms of depression. Recently, 
we reported that chronic social defeat stress (CSDS) induced suppression of body weight gain and anorexic feeding 
behavior in rats. These abnormalities were the result of disrupted malonyl-coenzyme A (CoA) signaling pathway in 
the hypothalamus. However, the condition of peripheral leptin and its hypothalamic downstream signal molecules 
which regulate hypothalamic malonyl-CoA level in the CSDS-exposed rats (CSDS rats) is still unknown. 

Results: CSDS rats showed suppressed body weight gain and food intake. The weight of the CSDS rats' epididymal 
white adipose tissues was decreased when compared to the control rats. The plasma cholesterol concentration was 
decreased significantly in the CSDS rats compared to the control rats (P< 0.05). The plasma glucose concentration 
was slightly decreased in the CSDS rats compared to the control rats (P< 0.1). The expression of leptin mRNA in 
epididymal white adipose tissues and the plasma leptin concentration were decreased in CSDS rats. Furthermore, 
the phosphorylation of the hypothalamic downstream signals of leptin, including extracellular signal-regulated 
kinase 1/2 (ERKl/2) and signal transducer and activator of transcription 3 (STATS), was decreased in CSDS rats. 

Conclusions: Our results indicated that decreased peripheral leptin expression in CSDS rats could down-regulate 
the hypothalamic downstream signaling pathways of leptin while suppressed food intake. These data indicate that 
CSDS induces the down-regulation of hypothalamic AMPK following the elevation of hypothalamic malonyl-CoA 
levels and is independent of peripheral leptin and glucose. 

Keywords: Anorexia, Chronic social defeat stress. Depression, Hypothalamus, Leptin, Malonyl-CoA 



Background 

Depression causes various health problems, and eating 
disorders such as loss of appetite are the major symp- 
toms of depression [1,2]. We investigated the molecular 
mechanisms of depression-induced symptom of anorexia 
with an animal model of depression. Rats were exposed 
to CSDS using a resident-intruder paradigm as previ- 
ously described [3,4]. The CSDS rats showed decreased 
body weight gain and food intake [3,4]. Because feeding 
behavior is regulated by the central nervous system, in 
particular the hypothalamus, we focused on the hypo- 
thalamic signal molecules and metabolites that were 
related to feeding behaviors in CSDS rats [4]. 
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Leptin is known a potent anorexic peptide hormone, 
and it is synthesized by adipose tissues [5]. In general, a 
decreased fat volume in the body (or weight) induces 
the reduction of the peripheral leptin concentration 
and increases food intake [6]. Conversely, an increased 
fat volume in the body induces an increased peripheral 
leptin concentration and reduced food intake [7,8]. The 
participation of leptin in depression was described in 
depressive patients and depressive animal models. One 
study reported that leptin levels did not differ between 
depressive patients and healthy controls [9]. Other re- 
ports described plasma leptin levels that were higher in 
depressive patients, with a bias in female patients [10,11]. 
In animal depression models, Lu et al. described subjects 
with both chronic social defeat stress and chronic mild 
stress that had decreased plasma leptin concentrations but 
did not have a change in body weight; they also reported 
that leptin had an antidepressant-like activity [12,13]. 
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Furthermore, Chuang et al described that CSDS reduced 
body weight and plasma leptin concentration [14,15]. 

Recently, we reported that CSDS rats showed a decrease 
in food intake and inhibition of body weight gain [4]. Fur- 
thermore, CSDS rats showed an increased concentration 
of hypothalamic malonyl-CoA because of the inhibition 
of AMPK and the activation of ACC [4]. Hypothalamic 
malonyl-CoA is also known to play a pivotal role in 
feeding behavior and malonyl-CoA is synthesized from 
acetyl-CoA by ACC [16]. ACC is phosphorylated and 
inactivated by AMPK [16,17]. Malonyl-CoA is a known 
intermediate in fatty acid biosynthesis and is synthesized 
from acetyl-CoA by ACC. ACC is phosphorylated and 
inactivated by AMPK [16,17]. Hypothalamic AMPK is a 
pivotal protein kinase in the malonyl-CoA signaling path- 
way, and its activity is inhibited by leptin and glucose 
[6,16]. In general, rats which showed suppressed body 
weight gain show reduced peripheral leptin concentration 
and increased food intake. However, CSDS rats showed 
suppressed body weight gain and decreased food intake 
[4]. Therefore, we focused on the peripheral leptin and its 
hypothalamic downstream signal molecules which are 
upstream regulators of malonyl-CoA in the CSDS rats. 

In this study, we focused on peripheral leptin expression 
and its downstream hypothalamic signaling pathway and 
blood plasma components including protein, triglycerides, 
cholesterol and glucose in CSDS rats to elucidate the 
effectors for hypothalamic AMPK and malonyl-CoA 
signaling pathways in CSDS-induced symptom of anorexia. 

Results 

Effects of CSDS on body weight gain and epididymal 
fat weight 

Body weight was measured at the end of the control 
phase (baseline) and at weekly intervals during the stress 
phase. Prior to stress exposure, the body weights of 
the CSDS and the control rats were similar (Control, 
312.2 ±3.0 g vs. Stress, 306.3 ± 6.5 g, P>0.1). In this 
study, the CSDS rats showed a suppression in body 
weight gain compared to the control rats (Figure lA). 
A two-way repeated measures ANOVA revealed that 
stress had a significant effect on body weight gain 
{F (1, 59) = 187.55, P< 0.001), and the stress x time 
interaction was significant {F (5, 59) = 68.78, P < 0.001). 
Furthermore, CSDS rats showed decreased food intake 
during the dark phase (Figure IB). A two-way repeated 
measures ANOVA revealed that stress had a significant 
effect on food intake {F (1, 59) = 10.93, P< 0.05), and the 
stress X time interaction was significant {F (5, 59) = 5.21, 
P < 0.001). Next, we measured epididymal fat in the CSDS 
rats. The weight of epididymal fat in the CSDS rats was 
significantly less than that of the control rats (Control, 
6.832 ±0.588 g vs. Stress, 4.852 ± 0.588 g, P<0.05; 
Figure 2A). There was no significant difference in the 



ratio of epididymal fat weight to body weight between 
the CSDS and the control (Control, 1.515 ±0.113% vs. 
Stress, 1.250 ± 0.122%, P>01; Figure 2B). These results 
indicated that the CSDS rats in this study showed 
suppressed body weight gain and food intake similar 
to previous our study and decreased epididymal fat in 
the CSDS rat was occurred with suppressed body 
weight gain [3,4]. 

Effects of CSDS on blood components 

We analyzed the total concentration of protein, triglycer- 
ides, cholesterol and glucose in the blood plasma. The total 
protein and glucose concentrations in the plasma of the 
CSDS rats were only slightly reduced compared to the 
control rats (Total protein: Control, 5.8 ±0.1 g/dL vs. 
Stress, 5.5 ±0.1 g/dL, P<0,1; Blood glucose: Control, 
239.1 ± 24.6 mg/dL vs. Stress, 179.4 ± 13.0 mg/dL, P < 0.1; 
Table 1). The total cholesterol concentration in the 
plasma of CSDS rats was decreased significantly compared 
to the control rats (Control, 77.8 ±1.4 mg/dL vs. Stress, 
69.8 ± 1.5 mg/dL, P< 0.01; Table 1). However, the plasma 
triglyceride level was not significantly changed in the 
CSDS rats (Control, 125.8 ± 31.8 mg/dL vs. Stress, 73.0 ± 
13.6 mg/dL, P> 0.1; Table 1). 

Effects of CSDS on leptin signals 

Next, we evaluated leptin expression in the white adipose 
tissue and its hypothalamic intracellular downstream 
molecules (STAT3 and ERKl/2) under the CSDS condition. 
We observed that the CSDS rats have significantly lower 
expression of leptin mRNA in the white adipose tissue 
than the control rats (Control, 1.000 ±0.183 vs. Stress, 
0.505 ± 0.092, P < 0.05; Figure 3A). Secondly, we analyzed 
the plasma leptin concentration, and we observed that 
in the CSDS rats, the plasma leptin concentration was 
significantly decreased (Control, 8.729 ± 0.994 ng/mL vs. 
Stress, 5.455 ±0.854 ng/mL, P<0.05; Figure 3B). More- 
over, we observed significantly decreased phosphorylation 
of STAT3 and ERKl/2 in the hypothalamus of CSDS rats. 
The levels of ERKl/2 and STAT3 protein expression in 
the hypothalamus were similar between the CSDS and 
control rats (data not shown), whereas the ratios of 
phospho-ERKl/2/ERKl/2 and phospho-STAT3/STAT3 
were significantly lower in the CSDS rats (phospho-ERKl/ 
ERKl: Control, 1.000 ±0.135 vs. Stress, 0.594 ± 0.060, 
P<0.05; phospho-ERK2/ERK2: Control, 1.000 ±0.033 
vs. Stress, 0.674 ± 0.069, P < 0.01; phospho-STAT3/STAT3: 
Control, 1.000 ±0.011 vs. Stress, 0.859 ± 0.023, P<0.01; 
Figure 3C). These results indicated that decreased leptin 
concentration in the plasma was occurred by decreased 
expression of leptin mRNA in the white adipose tissue. 
Furthermore, phosphorylation of STAT3 and ERKl/2 in 
the hypothalamus was not conflict with leptin concentra- 
tion in the plasma. 
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Figure 1 The effects of chronic social defeat stress on the body weight gain and the food intalce. (A) The body weight gain was calculated 
relative to the initial (baseline) body weight. Regarding the body weight gain, a two-way repeated measures ANOVA showed that the main effect for 
stress (P< 0.001) and the stress x time interaction (P< 0.001) were significant. (B) Total food intake during the dark phase. Regarding the food intake, a 
two-way repeated measures ANOVA showed that the main effect for stress (P< 0.05) and the stress x time interaction (P< 0.001) were significant. Data 
represent the mean ± S.E.M. (n = 5 / group). 



Discussion 

Depression often induces symptom of anorexia and a 
severe reduction in the body weight of subjects with some 
disrupted hypothalamic regulation feeding behaviors [1,2]. 
To elucidate the mechanism of loss of appetite induced 
by CSDS and depression, we evaluated the levels of per- 
ipheral leptin, its downstream hypothalamic signals and 
blood components such as protein, triglycerides, choles- 
terol and glucose in CSDS rats that were obtained using a 
resident-intruder paradigm. 

In this study, CSDS significantly reduced body weight 
gain and epididymal fat, but it did not specifically induce 
the accumulation of epididymal fat. There are some reports 
describing the relationship between CSDS and body weight 
change. Body weight loss was observed in CSDS mice 
obtained by a ten-day session of a social defeat paradigm 
with resident mice (CD-I) and intruder mice (C57BL6/J) 
[15]. The intruders body weight was quickly reduced with 
exposure to the social defeat paradigm, but after a ten-day 
session of the CSDS program, the body weight of the 
defeated intruders increased faster than the controls [15]. 
Another report described that the duration of the physical 
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Figure 2 The effects of chronic social defeat stress on the 
epididymal fat tissue. (A) The epididymal fat weight. (B) The 
percentage of fat weight to body weight at the end of the experiment. 
*P < 0.05 (Student's t-test). Data represent the mean ± S.E.M. (Control, 
n = 8, Stress, n = 7). 
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contacts in the CSDS paradigm is critical for stress- 
induced body weight change. Savignac et al. developed 
a short-term version of the CSDS paradigm that allow 
only one contact between the resident and intruder 
[18]. In this short-term version of the CSDS paradigm, 
the C57BL/6 J intruders body weight increased [18]. In 
our study, the CSDS rats did not have body weight loss, 
but they instead displayed reduced body weight gain 
(Figure lA) [4]. This discrepancy may be due to differ- 
ences of experimental animals and CSDS paradigms. In 
the future, the patterns of body weight changes in depres- 
sive patients should be compared with animal models of 
depression to understand the roles of weight loss and 
obesity in depression. 

Depression also affects the concentration of some blood 
components [14]. Using metabolic analyses, we found that 
CSDS induces various changes of the metabolites in the 
blood plasma (data not shown). In this study, we analyzed 
plasma glucose, triglycerides, cholesterol, and protein levels 
using conventional biochemical techniques. Some studies 
reported that low concentrations of cholesterol are as- 
sociated with mood disorders such as major depression 
[19-23]. Engelberg reported that low concentrations of 
serum cholesterol may decrease serotonin concentrations 
in the brain and fail to suppress aggressive behavior [24]. 
Furthermore, leptin and cholesterol are known to be 
decreased in the depressive patients [21,23]. Moreover, 



Table 1 The effects of chronic social defeat stress on the 
components of the blood plasma 





Control 


Stress 


P-value 


Blood glucose (mg/dL) 


239.1 ±24.6 


1 79.4 ± 13.0^ 


P<0.] 


Total protein (g/dL) 


5.8 ±0.1 


5.5 ±0.1^ 


P<0.] 


Triglyceride (mg/dL) 


125.8 ±31.8 


73.0 ±13.6 


NS 


Total cholesterol (mg/dL) 


77.8 ± 1 .4 


69.8 ± 1 .5** 


P<0.0] 



The effects of chronic social defeat stress on the components of the blood 
plasma. ^P< 0.1, **P< 0.01 (Student's f-test). NS, not significant. Data represent 
means ± S.E.M. (n = 5 / group). 
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Figure 3 The effects of chronic social defeat stress on leptin and its hypothalamic downstream signals. (A) Evaluation of leptin gene 
expression using real time PCR analysis in the fat tissue (Control, n = 8; Stress, n = 7). (B) Evaluation of leptin peptide expression in the blood plasma 
(Control, n = 8; Stress, n = 7). (C) Evaluation of the expression and phosphorylation of STATS and ERKl/2 in the hypothalamus using western blot analysis. 
Each band was normalized to actin levels and compared quantitatively using Image J software, (n = 4 / group). *P < 0.05, **P < 0.01 (Student's t-test); 
Cont, Control; St, Stress. Data represent the means ± S.E.M. 



leptin is also related to decreased serotonin concentration 
in the depressive patients through regulating serotonin 
turnover [21,25]. Thus, our CSDS rats are a suitable 
model of animal depression for understanding choles- 
terol metabolism during depression. Indeed, Chuang 
et al. reported that CSDS induced disrupted regulation 
of lipid synthesis. Their model which is increased body 
weight by exposed CSDS increased expression of genes 
involved in the fatty acid synthesis and decreased expres- 
sion of genes involved in the fatty acid utilization in the 
liver. However, they reported that CSDS and high-fat 
diet induced increased total cholesterol and no changed 
triglycerides in the tissue [14]. Therefore, we need to 
investigate expression of genes related lipid synthesis. 

Next, we focused on peripheral leptin expression and its 
hypothalamic downstream signals in CSDS rats. Leptin is 
a potent anorexigenic peptide hormone and is synthesized 
by white adipose tissues. Peripheral leptin can enter into 
the brain tissues through the brain blood barrier and 
activate the STATS and MAPK cascades by binding leptin 
receptors [26,27]. Leptin is one of the upstream ligands 
for the malonyl-CoA signaling pathway in the hypothal- 
amus. The concentration of hypothalamic malonyl-CoA 
regulates the expression of neuropeptides and controls 
the feeding behavior [16]. Administration of C75, a 
fatty acid synthase inhibitor, induced an increase in the 
malonyl-CoA concentration, affected the expression of 
neuropeptides in the hypothalamus and decreased food 
intake [26,28]. Malonyl-CoA is synthesized from acetyl- 
CoA by ACC, and the ACC activity is regulated by AMPK. 
Therefore, leptin and malonyl-CoA signaling pathways in 
the hypothalamus play a pivotal role in feeding behaviors. 
Moreover, the relationship between leptin and mood dis- 
orders was investigated. Depressive patients and socially 
defeated rats had decreased leptin concentrations in their 
blood plasma [13,29]. Recently, we reported that CSDS 
rats showed suppressed food intake and body weight 
gain following an increase in their hypothalamic malonyl- 



CoA concentration [4]. Therefore, we focused on the 
mechanism of the elevation of hypothalamic malonyl- 
CoA levels in CSDS -induced symptom of anorexia. We 
first observed peripheral leptin expression and its hypo- 
thalamic action. The expression of leptin mRNA in the 
CSDS rat fat tissue was significantly lower than that of 
the control rats (Figure 3A). Furthermore, the leptin blood 
plasma concentration in the CSDS rats was significantly 
lower (Figure 3B). Previous studies indicated that rats 
exposed to ten-day sessions of social defeat stress showed 
decreased plasma leptin concentrations; however, the 
stressed rats did not show any body weight change 
[19,29]. In depressive patients, decreased plasma leptin 
concentrations and no significant body mass indices 
changes were observed [29]. CSDS most likely suppressed 
the expression of the leptin gene in the fat tissue and 
decreased the plasma leptin concentration. The mecha- 
nisms of its inhibition by CSDS are unknown. Leptin is 
also known to regulate the renin-angiotensin-aldosterone 
system which showed abnormality in depressive patient 
and anorexic patient [30-32]. Furthermore, leptin inhibits 
adrenocortical steroid production including aldosterone 
and corticosterone [31]. Therefore, there is a possibility 
that our CSDS rats also indicate abnormality of the 
renin-angiotensin-aldosterone system. Furthermore, we 
evaluated the downstream hypothalamic signal transduc- 
tion of leptin in CSDS rats. Hypothalamic phosphorylation 
of STAT3 and ERKl/2 in CSDS rats were not conflict with 
peripheral leptin levels in the CSDS rats. As described 
by Gao et al, intraventricular administration of leptin 
increased the phosphorylation of hypothalamic STAT3 
and decreased that of AMPK and ACC, following an in- 
crease in the malonyl-CoA concentration and a decrease 
in food intake [6]. However, CSDS rats showed decreased 
food intake during the dark phase (Figure IB). Therefore, 
CSDS may disrupt some hypothalamic signaling path- 
ways from leptin receptors to AMPK. Our previous data 
showed decreased hypothalamic phospho-AMPK and 
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food intake in CSDS rats [4]. Adiponectin is also known 
to relate to feeding behavior and loss of appetite [33,34]. 
Therefore, the activity of adiponectin in CSDS rats should 
be investigated in the future studies. 

Conclusions 

Symptom of anorexia was induced in our CSDS rats, 
and they had suppressed body weight gain following a 
decrease of phospho-AMPK in the hypothalamus. We 
also observed the down-regulation of peripheral leptin 
and hypothalamic downstream signals of the leptin recep- 
tor. Furthermore, the blood glucose concentration had a 
tendency to decrease in CSDS rats. Thus, the inhibition of 
AMPK and the elevation of the malonyl-CoA concentra- 
tion in the hypothalamus of CSDS rats as previously re- 
ported were independent of peripheral glucose and leptin 
signals. Together, these data suggest that CSDS down- 
regulates hypothalamic AMPK following elevation of 
malonyl-CoA via some unknown factors that should be 
elucidated in future studies. 

Methods 

Ethics statement 

This study was reviewed and approved by the guidelines 
of the Animal Care and Use Committee of Ibaraki Univer- 
sity (No.84 and No. 114) and conformed to the Ministry 
of Education, Culture, Sports, Science and Technology, 
Japan (Notification, No.71). 

Animals 

The detailed experimental animals and designs have been 
described previously [4]. To obtain CSDS rats, the resident- 
intruder paradigm was performed as described. Eight- 
week-old male Wistar rats were purchased from Charles 
River (Kanagawa, Japan) and were housed individually at 
room temperature (22 ± 1°C) with exposure to light from 
6:00 to 18:00 and ad libitum access to food and water. 
Food intake was measured using a food intake monitor 
(O'Hara & Co., Ltd.). After their arrival, the rats were 
handled daily for 1 week to habituate them to the environ- 
ment; they were then used as intruders. Twelve-week-old 
male Wistar rats from our colonies were used as residents 
and housed large cage (L60 cm x W45 cm x H45 cm) with 
same age sterilized female rat. The female rats were 
removed from their home cage, and an intruder rat was 
introduced into each residents home cage for up to 1 hour. 
Within the first 10 minutes, the intruder was usually 
attacked and defeated by the resident and would show 
subordinate behaviors, including vocalization, jumping, 
freezing and a submissive posture [35]. After the intruder 
displayed a submissive posture, the intruder was immedi- 
ately removed and kept in a wire-mesh cage within the 
residents home cage for the remainder of the hour. Rats 
from the stress group were subjected to this social defeat 



procedure on a daily basis for 5 weeks. Body weight was 
measured at the end of the control phase (baseline) and at 
weekly intervals during the stress phase. At the end of the 
program, the rats which fed ad libitum were anesthetized 
and decapitated in the light phase, between 10:00 to 14:00, 
for the biochemical analysis described below [4]. 

cDNA preparation and real time PGR 

Adipose tissues were collected from epididymides and 
weighed. The total RNA was extracted using the LiCl/ 
Urea method. cDNA was synthesized using ReverTraAce 
(Toyobo, Osaka, Japan). Real-time PCR was performed 
using a Thermal Cycler Dice Real Time System Single 
(Takara, Osaka, Japan). The GAPDH gene was amplified 
from all the samples to normalize expression. The follow- 
ing primers were used: Rat gapdh, (AB017801.1, 73-92), 
5'-GTATTGGGCGCCTGGTCACC-3' and (253-274) 
5'-CGCTCCTGGAAGATGGTGATGG-3'; Rat leptin, 
(NM013076.3, 362-381) 5'-GAGACCTCCTCCATGTG 
CTG-3' and (529-548) 5'-CATTCAGGGCTAAGGTC 
CAA-3'. 

Measurement of the leptin concentration in the plasma 

The rat blood from the abdominal aorta was collected in 
heparinized test tubes. These test tubes were centrifuged 
at 1,000 x^ for 15 minutes at 4°C, and the plasma was 
collected. The leptin concentration in the plasma was 
measured using a Rat Leptin ELISA Kit (Morinaga, 
Kanagawa, Japan). The detection was performed using a 
Wallac 1420 ARVOsx (Wallac, Tokyo, Japan). 

Blood analysis 

The blood plasma glucose concentration was measured 
using a Glucose CII-Test kit (Wako Pure Chemicals, Osaka, 
Japan). The concentrations of triglyceride, total cholesterol 
and total protein in the plasma were determined by the 
Japan Clinical Laboratories (Kyoto, Japan). 

Protein preparation and western blotting 

The rat brains were rapidly removed and chilled on ice, 
and the hypothalami were retrieved. The tissue was 
homogenized in ice-cold RIPA buffer with a Polytron 
homogenizer (IK A Japan, Osaka, Japan). The homogenate 
was centrifuged at 800 x^ for 15 minutes at 4°C, and 
the supernatant was collected. Proteins were detected 
using ECL prime western blotting detection reagents 
(GE Healthcare, Tokyo, Japan) and a LAS -3000 mini 
(FUJIFILM, Kanagawa, Japan). 

The following primary antibodies were used as described 
below: anti-actin (Santa Cruz), anti-STAT3 (Usbiological), 
anti-phospho-STAT 3 (Cell Signaling), anti-ERKl/2 (Invi- 
trogen) and anti-phospho-ERKl/2 (Cell Signaling). The 
western blotting results were analyzed quantitatively 
using Image J. 
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Statistical analysis 

Data were analyzed using Excel Toukei 2006 for Windows 
(Social Survey Research Information Co., Ltd. Tokyo, 
Japan). Body weight gain data was analyzed using two- 
way repeated measures ANOVAs. Other data was analyzed 
by Student s ^-test. 

Abbreviations 

CSDS: Chronic social defeat stress; CSDS rats: CSDS-exposed rats; 
CoA: Coer^zyme A; ACC: Acetyl-CoA carboxylase; AMPK: Ader^osine 
monophosphate-activated proteir^ kinase; STAT3: Signal transducer and 
activator of transcription 3; ERKl/2: Extracellular signal-regulated kinase 1/2. 

Competing interests 

The authors declare that they have no competing interest. 
Authors' contributions 

Wl and AT planed this research and wrote this manuscript. Wl performed the 
animal experiments, behavioral tests and biochemical analysis. HT, YO, ^and 
SC performed molecular and biochemical analyzes. All authors read and 
approved the final manuscript. 

Acknowledgements 

We would like to thank Drs. Takeshi Ohkubo (Ibaraki University), Hiroko Toyoda 
(Ibaraki University) and Noriko Matsukawa (Kyoto Institute of Nutrition and 
Pathology Inc.) for helpful comments regarding the manuscript. And also we 
would like to thank to Dr. Daisuke Kohari (Ibaraki University) for statistical 
analysis. This research was supported in part by Grants-in-Aid for No. 22580303 
and the research program "Ibaraki University Cooperation between Agriculture 
and Medical Science (lUCAM)" to A.T, No. 23126501 to N.M. from the Ministry 
of Education, Culture, Sports, Science and Technology of Japan and a grant 
from the School of Agriculture, Ibaraki University. 

Author details 

^Department of Biological Production Science, United Graduate School of 
Agricultural Science, Tokyo University of Agriculture and Technology, Fuchu, 
Tokyo 183-8509, Japan. ^Department of Biological Production Science, 
College of Agriculture, Ibaraki University, Ami, Ibaraki 300-0393, Japan. ^Kyoto 
Institute of Nutrition and Pathology Inc., Ujitawara, Kyoto 610-0231, Japan. 
^Department of Applied Life Science, United Graduate School of Agricultural 
Science, Tokyo University of Agriculture and Technology, Fuchu, Tokyo 
183-8509, Japan. ^Department of Bioresorce Science, College of Agriculture, 
Ibaraki University, Ami, Ibaraki 300-0393, Japan. 

Received: 28 January 2014 Accepted: 28 May 2014 
Published: 6 June 2014 

References 

1 . American Psychiatric Association: Diagnostic and Statistical Manual of Mental 
Disorders DSM-IV-TR (4th ed.). Arlington: American Psychiatric Publishing; 2000. 

2. Kishi T, Elmquist JK: Body weight is regulated by the brain: a link 
between feeding and emotion. Mol Psychiatry 2005, 10:132-146. 

3. lio W, Matsukawa N, Tsukahara T, Kohari D, Toyoda A: Effects of chronic 
social defeat stress on MAP kinase cascade. Neurosci Lett 201 1, 
504:281-284. 

4. lio W, Tokutake Y, Matsukawa N, Tsukahara T, Chohnan S, Toyoda A: 
Anorexic behavior and elevation of hypothalamic malonyl-CoA in 
socially defeated rats. Biochenn Biophys Res Connnnun 2012, 421:301-304. 

5. Myers MG Jr: Leptin receptor signaling and the regulation of mammalian 
physiology. Recent Prog Horm Res 2004, 59:287-304. 

6. Gao S, Kinzig KP, Aja S, Scott KA, Keung W, Kelly S, Strynadka K, Chohnan S, 
Smith WW, Tamashiro KL, Ladenheim EE, Ronnett GV, Tu Y, Birnbaum MJ, 
Lopaschuk GD, Moran TH: Leptin activates hypothalamic acetyl-CoA 
carboxylase to inhibit food intake. Proc Natl Acad Sci USA 2007, 
104:17358-17363. 

7. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM: 
Positional cloning of the mouse obese gene and its human homologue. 
Nature 1994, 372:425-432. 

8. Friedman JM, Halaas JL: Leptin and the regulation of body weight in 
mammals. Nature 1998, 395:763-770. 



9. Deuschle M, Blum WF, Englaro P, Schweiger U, Weber B, Pflaum CD, Heuser 
I: Plasma leptin in depressed patients and healthy controls. Horm Metab 
Res 1996, 28:714-717. 

10. Antonijevic lA, Murck H, Frieboes RM, Horn R, Brabant G, Steiger A: Elevated 
nocturnal profiles of serum leptin in patients with depression. J Psychiatr 
Res 1998, 32:403-410. 

11. Rubin RT, Rhodes ME, Czambel RK Sexual diergism of baseline plasma 
leptin and leptin suppression by arginine vasopressin in major 
depressives and matched controls. Psychiatry Res 2002, 113:255-268. 

12. Lu XY: The leptin hypothesis of depression: a potential link between 
mood disorders and obesity? Curr Opin Pharmacol 2007, 7:648-652. 

13. Lu XY, Kim CS, Frazer A, Zhang W: Leptin: a potential novel 
antidepressant. Proc Natl Acad Sci US A 2006, 103:1593-1598. 

14. Chuang JC, Cui H, Mason BL, Mahgoub M, Bookout AL, Yu HG, Perello M, 
Elmquist JK, Repa JJ, Zigman JM, Lutter M: Chronic social defeat stress 
disrupts regulation of lipid synthesis. J Lipid Res 2010, 51:1344-1353. 

15. Chuang JC, Krishnan V, Yu HG, Mason B, Cui H, Wilkinson MB, Zigman JM, 
Elmquist JK, Nestler EJ, Lutter M: A beta3-adrenergic-leptin-melanocortin 
circuit regulates behavioral and metabolic changes induced by chronic 
stress. Biol Psychiatry 2010, 67:1075-1082. 

16. Wolfgang MJ, Lane MD: Hypothalamic malonyl-coenzyme A and the 
control of energy balance. Mol Endocrinol 2008, 22:2012-2020. 

1 7. Minokoshi Y, Alquier T Furukawa N, Kim YB, Lee A, Xue B, Mu J, Foufelle F, 
Ferre P, Birnbaum MJ, Stuck BJ, Kahn BB: AMP-kinase regulates food intake 
by responding to hormonal and nutrient signals in the hypothalamus. 
Nature 2004, 428:569-574. 

18. Savignac HM, Finger BC, Pizzo RC, OTeary OF, Dinan TG, Cryan JF: 
Increased sensitivity to the effects of chronic social defeat stress in an 
innately anxious mouse strain. Neuroscience 201 1, 192:524-536. 

19. Lindberg G, Rastam L, Gullberg B, Ekiund GA: Low serum cholesterol 
concentration and short term mortality from injuries in men and 
women. BMJ 1992, 305:277-279. 

20. Ringo DL, Lindley SE, Faull KF, Faustman WO: Cholesterol and serotonin: 
seeking a possible link between blood cholesterol and CSF 5-HIAA. 
Biol Psychiatry 1994, 35:957-959. 

21 . Partonen T, Haukka J, Virtamo J, Taylor PR, Lonnqvist J: Association of low 
serum total cholesterol with major depression and suicide. Br J Psychiatry 
1999, 175:259-262. 

22. Almeida-Montes LG, Valles-Sanchez V, Moreno-Aguilar J, Chavez-Balderas 
RA, Garcia-Marin JA, Cortes Sotres JF, Hheinze-Martin G: Relation of serum 
cholesterol, lipid, serotonin and tryptophan levels to severity of depression 
and to suicide attempts. J Psychiatry Neurosci 2000, 25:371-377. 

23. Jow GM, Yang TT, Chen CL: Leptin and cholesterol levels are low in 
major depressive disorder, but high in schizophrenia. J Affect Disord 2006, 
90:21-27. 

24. Engelberg H: Low serum cholesterol and suicide. Lancet 1992, 339:727-729. 

25. Calapai G, Corica F, Corsonello A, Sautebin L, Di Rosa M, Campo GM, Buemi 
M, Mauro VN, Caputi AP: Leptin increases serotonin turnover by inhibition 
of brain nitric oxide synthesis. J Clin Invest 1999, 104:975-982. 

26. Hu Z, Cha SH, Chohnan S, Lane MD: Hypothalamic malonyl-CoA as a mediator 
of feeding behavior. Proc Natl Acad Sci USA 2003, 1 00:1 2624-1 2629. 

27. Banks WA, Kastin AJ, Huang W, Jaspan JB, Maness LM: Leptin enters the 
brain by a saturable system independent of insulin. Peptides 1996, 
17:305-311. 

28. Shimokawa T, Kumar MV, Lane MD: Effect of a fatty acid synthase 
inhibitor on food intake and expression of hypothalamic neuropeptides. 

Proc Natl Acad Sci USA 2002, 99:66-71 . 

29. Kraus T, Haack M, Schuld A, Hinze-Selch D, Pollmacher T: Low leptin levels but 
normal body mass indices in patients with depression or schizophrenia. 
Neuroendocrinology 2001 , 73:243-247. 

30. Mizuno 0, Tamai H, Fujita M, Kobayashi N, Komaki G, Matsubayashi S, 
Nakagawa T: Aldosterone responses to angiotensin II in anorexia nervosa. 
Acta Psychiatr Scand 1992, 86:450-454. 

31. Bornstein SR, Torpy DJ: Leptin and the renin-angiotensin-aldosterone 
system. Hypertension 1998, 32:376-377. 

32. Emanuele E, Geroldi D, Minoretti P, Coen E, Politi P: Increased plasma 
aldosterone in patients with clinical depression. Arch Med Res 2005, 
36:544-548. 

33. Tagami T, Satoh N, Usui T, Yamada K, Shimatsu A, Kuzuya H: Adiponectin in 
anorexia nervosa and bulimia nervosa. J Clin Endocrinol Metab 2004, 
89:1833-1837. 



No et al. BMC Neuroscience 2014, 15:72 
http://www.bionnedcentral.conn/1 471-2202/1 5/72 



Page 7 of 7 



34. Amitani H, Asakawa A, Ogiso K, Nakahara T, Ushikai M, Haruta I, Koyama K, 
Amitani M, Cheng KC, Inui A: The role of adiponectin multimers in 
anorexia nervosa. Nutrition 2013, 29:203-206. 

35. Miczek KA, Covington HE 3fd, Nikulina EM Jr, Hammer RP: Aggression 
and defeat: persistent effects on cocaine self-administration and gene 
expression in peptidergic and aminergic mesocorticolimbic circuits. 
Neurosci Biobeliov Rev 2006, 27:787-802. 



doi:1 0.11 86/1 471 -2202-1 5-72 

Cite this article as: lie et al.: Effects of chronic social defeat stress on 
peripheral leptin and its hypothalamic actions. BMC Neuroscience 20] 4 15:72. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at /^\ Ri^nHod rpntral 

www.biomedcentral.com/submit momea L.enTrai 



